[1] Atmospheric Rivers (ARs), narrow plumes of enhanced moisture transport in the lower troposphere, are a key synoptic feature behind winter flooding in midlatitude regions. This article develops an algorithm which uses the spatial and temporal extent of the vertically integrated horizontal water vapor transport for the detection of persistent ARs (lasting 18 h or longer) in five atmospheric reanalysis products. Applying the algorithm to the different reanalyses in the vicinity of Great Britain during the winter half-years of 1980-2010 (31 years) demonstrates generally good agreement of AR occurrence between the products. The relationship between persistent AR occurrences and winter floods is demonstrated using winter peaks-over-threshold (POT) floods (with on average one flood peak per winter). In the nine study basins, the number of winter POT-1 floods associated with persistent ARs ranged from approximately 40 to 80%. A Poisson regression model was used to describe the relationship between the number of ARs in the winter half-years and the large-scale climate variability. A significant negative dependence was found between AR totals and the Scandinavian Pattern (SCP), with a greater frequency of ARs associated with lower SCP values. 
Introduction
[2] Atmospheric Rivers (ARs) are increasingly recognized as the cause of heavy precipitation and flooding over midlatitude landmasses [e.g., Ralph et al., 2006; Lavers et al., 2011; Neiman et al., 2011; Viale and Nunez, 2011] . These narrow plumes of enhanced moisture transport occur in the lower troposphere in the low-level jet region (within the warm sector) of extra-tropical cyclones and typically form a subsection of the broader warm conveyor belt (WCB). Heavy rainfall can result especially when ARs make landfall because of the convergence and thus vertical uplift within an AR, and most significantly when the moisture-laden air is forced to rise over mountains. Despite the negative economic and societal impacts of flooding, the atmospheric moisture ARs transport and deliver is also essential for water resources and supply .
[3] Knowledge about the narrow AR region of moisture transport within extra-tropical cyclones has existed for a considerable time [e.g., Browning and Pardoe, 1973] and has been the subject of previous research over the Pacific Ocean [Ralph et al., 2004 [Ralph et al., , 2005 Bao et al., 2006; Neiman et al., 2008a Neiman et al., , 2008b and Atlantic Ocean [Stohl et al., 2008; Knippertz and Wernli, 2010] . The connection between ARs and midlatitude heavy precipitation and flooding has been identified in western North America Neiman et al., 2011] , and more recently in other regions including Britain [Lavers et al., 2011] , Tennessee, USA [Moore et al., 2012] and South America [Viale and Nunez, 2011] . In particular, Lavers et al. [2011] showed that the ten largest winter floods from 1970 to 2010 in a range of British basins were associated with ARs, and that the impact was in western Britain because of the general predominance of impermeable rock and upland terrain.
[4] Broadly speaking, two approaches are generally used for the detection of ARs. The first method is to start with the atmosphere. Here the most common techniques to identify ARs have been to evaluate the Integrated Water Vapor (IWV) in the atmosphere via satellite measurements [Ralph et al., 2004; Neiman et al., 2008b; Guan et al., 2010] , or to calculate the vertically integrated horizontal water vapor transport (hereafter, integrated vapor transport, IVT) between 1000 hPa and 300 hPa, using atmospheric reanalysis data [Zhu and Newell, 1998; Roberge et al., 2009; Jiang and Deng, 2011] . For example, Roberge et al. [2009] considered significant poleward moisture transport (and thus AR occurrence) when the standardized IVT was greater than two standard deviations above the mean for one day. Another AR detection method using IWV and daily wind speeds and directions at 925 hPa was proposed by Neiman et al. [2009] and was subsequently applied to reanalysis data and climate model projections to study ARs making landfall in California [Dettinger, 2011] . The second approach focuses on the hydrologic impacts of these events. The first step is to identify extremes in hydrological variables, such as extreme precipitation or floods Lavers et al., 2011; Neiman et al., 2011] . To determine if an AR was the cause of the flooding, the atmospheric state (IWV/IVT/specific humidity and wind fields) preceding the heavy precipitation and /flood events is analyzed. While the identification of the ARs driven by the hydrology is a valuable approach to improve our understanding of the hydrometeorological processes, it is not suitable to determine possible changes in ARs in a projected warmer climate because of the need to simulate cause then effect.
[5] Flooding has significant societal and economic repercussions. At least four modeling studies suggest an intensification of extremes, in particular heavy rainfall and flooding [Voss et al., 2002; Held and Soden, 2006; Allan and Soden, 2008; O'Gorman and Schneider, 2009] and the first United Kingdom (UK) Climate Change Risk Assessment (in 2012) found that winter flooding is expected to become more commonplace in the UK, with a projected increase in floodrelated damage. This work aims to determine the strength of the link between ARs and winter floods in Britain as a basis for future assessments of the impacts of climate variability on floods. To achieve this aim there were three objectives: (1) to introduce an AR detection algorithm, based on IVT calculation using gridded atmospheric data sets; (2) to compare the detected ARs with winter flood occurrence; and (3) to determine if any of the large-scale climate circulation patterns, such as the North Atlantic Oscillation or the Scandinavian pattern could explain AR occurrence in the North Atlantic.
Data and Methods
[6] Atmospheric reanalyses are considered to be a best estimate of the historical state of the Earth's atmosphere and are produced by assimilating meteorological/oceanic observations into Numerical Weather Prediction model output. The specific humidity q, and the zonal and meridional (u and v) wind fields for 1979-2010 were retrieved from five reanalysis products: the National Centers for Environmental Prediction (NCEP) Climate Forecast System at 0.5 Â 0.5 resolution [Saha et al., 2010] [Rienecker et al., 2011] at 0.5 Â 0.66 resolution and NCEP-NCAR (National Center for Atmospheric Research) at 2.5 Â 2.5 resolution [Kalnay et al., 1996] . The data assimilating models, analysis methods and the observations incorporated (e.g., in situ measurements and satellite data) vary between the reanalysis products resulting in differences in the reanalyses [Rienecker et al., 2011; Trenberth et al., 2011] . For example in terms of observations, the 20CR used an ensemble assimilation method based solely on surface pressure observations [Compo et al., 2011] , whereas the other four reanalyses assimilate other meteorological data sources including satellite measurements. The ERAIN, MERRA and CFSR reanalyses assimilate Special Sensor Microwave/Imager (SSM/I) water vapor channel data from 1987 resulting in a more realistic spatial simulation of water vapor over the ocean than NCEP-NCAR and 20CR (which do not assimilate SSM/I) but at the expense of inhomogeneity introduced into the time series, relating to changes in the observing system [e.g., Trenberth et al., 2011; Dee et al., 2011] . Visual inspection of the results from all reanalyses considered indicates that they are able to represent AR-like structures adequately. This outcome suggests that realistic sea surface temperatures and atmospheric circulation, provided by all reanalyses considered, are sufficient for simulating the large-scale structures associated with ARs. Given the differences in the reanalyses, all five are considered in this analysis.
[7] The algorithm developed to identify ARs affecting Britain calculates the IVT from 1000 hPa to 300 hPa in an Eulerian framework as follows:
qu dp 2 þ 1 g Z 300 1000 qv dp 2 s ð1Þ where q is the specific humidity in kg / kg, u is the zonal wind in ms À1 , v is the meridional wind in ms À1 , and g is the acceleration due to gravity.
[8] A review of past literature shows that there is not a well-established and widely applicable IVT threshold for AR occurrence. In an effort to set an IVT threshold for the study herein, the following approach was employed where the basis is to use percentiles of the IVT distribution rather than a single value, thus reflecting different IVT climatologies for different regions of the world.
[9] The same methodology was applied to each of the five reanalysis products (ERAIN is given as an example) and is based on Tables 1 and 2 in Neiman et al. [2008b] , who identified ARs with IWV > 2 cm that impacted western North America between 32.5 N and 52.5 N during the 1998-2005 water years. A subset of these events was considered, by focusing only on the 180 ARs that occurred during the winter half-year (October to March). The IVT values (at 1200UTC for the 180 events) along the western North America coast (at the last ocean grid point) at all latitudes between 32.5 N and 52.5 N was computed, and the maximum IVT value during each of the 180 ARs retained. The median of these 180 IVT maximum values was then calculated (the vertical black line in Figure 1a shows that the median value is 638.4 kg m À1 s À1 ). The percentile to which the median value (638.4 kg m À1 s À1 ) corresponded in the IVT distribution calculated using the IVT values at 1200UTC on all winter half-year days during 1998-2005 was then determined; for ERAIN, it would correspond to the 86.1th percentile of the IVT distribution ( Figure 1a) . Finally, the IVT distribution in the region of interest (grid points spanning 50 N to 60 N along 4 W) was computed by extracting the maximum IVT on all winter half-year days (at 1200UTC) for the 1998-2005 period (Figure 1b) With an IVT threshold established, the following methodology was used at each six hour time step in the five reanalysis products over the winter half-year from 1980 to 2010. The IVT was calculated at grid points spanning 50 N to 60 N along 4 W and if the maximum IVT was greater than the threshold, the grid point was retained (note that 4 W roughly corresponds to landfall in western Britain). When a grid point at 4 W was retained, the next step was to search adjacent grid points next to 4 W (to the northwest/ south/southwest/west) for the highest IVT; the identified point was screened to determine if the IVT threshold was satisfied. This process was repeated n times across the North Atlantic where n is the number of reanalysis grid points along a parallel for 20 longitude (e.g., number of grid points from 4 W to 24 W at one latitude). If the IVT threshold was exceeded at the n points, the time step was said to have an AR affecting Britain. Since Lavers et al. [2011] showed that extreme winter flooding was associated with persistent AR events, only AR events that occurred for three or more time steps (18 h or more) were considered as potential flood-generating ARs (hereafter, the term AR refers to a persistent AR). Moreover, only a 4.5 latitude movement to the north or south of the initial IVT maximum at 4 W between time steps was allowed. Assuming that the midpoint of the AR (at 4 W) is given by the maximum IVT, and that ARs are of the order of 1000 km wide [Neiman et al., 2008b] , a 4.5 latitude movement (which is approximately equal to 500 km) means that even if the central , the AR may still deliver heavy rainfall to a specific location. Furthermore, to have independent events, two AR events were considered distinct only if they were separated by more than one day.
[11] The ability of the algorithm herein to detect ARs was assessed with respect to the ARs that impacted the western North America coast between 41 N and 52.5 N in Neiman et al. [2008b] . The winter ARs in Table 1 Neiman et al. [2008b] 18 (32.1%) were detected by our algorithm, 38 (67.9%) were not detected by our algorithm and three ARs found by the algorithm were not in the Neiman et al. [2008b] database. These differences with respect to Neiman et al. [2008b] are likely to be associated with the use of the wind field in the IVT calculation (the ARs in Neiman et al. [2008b] are identified using IWV) and to the fact that our algorithm has criteria for latitudinal movement and independence. Furthermore, the threshold used in our algorithm is honed to identify the most extreme ARs.
[12] Nine river basins were selected along the western seaboard of Great Britain to search for flood events that occurred after an AR made landfall ( Figure 2 and Table 1 ). Daily river flows for the nine basins were retrieved from the UK National River Flow Archive from 1 October 1979 to 30 September 2010 (31 UK water years; the UK water year begins on 1 October). Herein, 1980 refers to the winter or water year of 1979-1980 and 2010 refers to the winter or water year of 2009-2010. The peaks-over-threshold method was used to extract on average one flood peak per winter (POT-1) over the period 1980 -2010 [Davison and Smith, 1990 Tallaksen et al., 2004] . This amounted to the 31 largest winter floods in each basin. To ensure independence of POT-1 floods, each flood had to be separated by at least seven days. Note that in the POT method some years may have more than one flood identified and some years may have no events. To associate a POT-1 flood event to a persistent AR, it was assumed that the start of an AR event occurred during the three days prior to, or on, the day of the flood. This is a reasonable assumption, considering that the nine basins generally have impermeable bedrock (as shown by the low percentages of high permeability bedrock, BHP, in Table 1 ), allowing sufficient lag time between rainfall and the flood peak. In the Cairngorm mountains (Scotland) and on the highest mountains of western Britain (especially western Scotland) temporary snowpacks form, but low snowfall accumulation is generally expected in the majority of the area of the nine study basins because of the warm, moist westerly/southwesterly airflows in which ARs are located. Therefore the three day window between AR occurrence and a POT-1 flood is considered to be sufficient in this analysis, to capture the link between AR occurrence and the largest floods. To examine the seasonality of flood events, a block maxima approach was used over the period 1980-2010 [Coles, 2001; Tallaksen et al., 2004] . More specifically, the maximum daily mean river flow for each winter half-year (October to March) and water year (October to September) was extracted from the flow records, generating Winter Maximum Series (WMS) and Annual Maximum Series (AMS) respectively for each of the nine basins. The half-yearly and annual blocks were used to show that the largest flood peaks in the year occur during the winter.
[13] Having identified the ARs from each of the five reanalyses, the interannual variability in their frequency was described in terms of large-scale climate variability using Poisson regression. This represents a form of Generalized Additive Model (GAM) [e.g., Hastie and Tibshirani, 1990] , where the predictand (in this case, number of ARs per winter) can only assume discrete values and follows a Poisson distribution. If N i is the number of ARs in winter i, then N i is described by a conditional Poisson distribution with parameter l i , if
[14] The relation between the parameter and the covariates can be linear and/or nonlinear: where {z 1i , z 2i , …, z ni } represents a vector of n predictors for the ith year, and h j ( j = 1, …n) indicates both linear and nonlinear dependencies.
[15] If all the beta coefficients of the covariates in equation (3) [16] Given the covariates, model selection was performed (both in terms of predictor selection and their functional relation to the rate of occurrence parameter of the Poisson distribution) using a stepwise approach using the Akaike Information Criterion (AIC) [Akaike, 1974] as the penalty criterion. This model selection procedure aims at finding a trade-off between accuracy and complexity of the model. The drawback is that a model with the smallest AIC does not necessarily provide information about the quality of the fit [e.g., Hipel, 1981] . The quality of the fit was assessed by analyzing the residuals. If the model is able to describe the systematic behavior, the residuals should be white noise. The (normalized randomized quantile) residuals [Dunn and Smyth, 1996] were examined by computing their first four moments (mean, variance, coefficients of skewness and kurtosis), and their Filliben correlation coefficient [Filliben, 1975] . The residuals plots were visually inspected using quantile-quantile and worm plots [van Buuren and Fredriks, 2001] . The latter are detrended forms of quantile-quantile plots, where the agreement between the selected distribution and the data is provided by the shape of the "worm." The data points should be within the 95% confidence intervals and a flat worm suggests that the data follow the selected distribution.
[17] Five climate teleconnection indices were considered as possible predictors because they were shown to be relevant to extra-tropical cyclones over Europe [Mailier et al., 2006; Vitolo et al., 2009] . These indices were the North Atlantic Oscillation, the east-Atlantic Pattern, the Scandinavian Pattern (SCP), the east Atlantic-western Russian Pattern and the polar-Eurasian Pattern. The monthly indices were calculated using Rotated Principal Component Analysis [Barnston and Livezey, 1987] and were retrieved from the Climate Prediction Center (http://www.cpc.ncep.noaa.gov/ data/teledoc/telecontents.shtml). The monthly indices were averaged from October to March to obtain winter half-year index values and then used in the Poisson regression modeling framework. Reanalyses 1980 Reanalyses -2010 Time series of the number of persistent ARs in each winter half-year over 1980-2010 in the five reanalyses are shown in Figure 3 . There is a large interannual variability, with the number ranging from approximately 2 to 14 events per winter. Each product identifies a different number of ARs ranging from 190 in CFSR to 264 in 20CR, which may be partly due to the different IVT threshold values used for each reanalysis. There is, however, a reasonable visual agreement in the winter numbers of ARs among the products, considering the different models and data used to generate these products. It is worth noting that each reanalysis did not necessarily capture the same AR events. This is likely to be due in part, to the disparate grid resolutions which will act to locate ARs in slightly different areas. The 2010 winter had a low number of persistent ARs in the reanalysis products. Considering that a devastating flood affected Northwest England in November 2009 [Lavers et al., 2011] , this would suggest that an active winter in terms of persistent ARs is not necessarily a pre-requisite for large flood episodes. A single persistent AR is sufficient to cause major flooding.
Results and Discussion

ARs in Climate Model
[19] An example of a persistent AR detected by the algorithm is shown in the IVT fields in the five reanalyses at 1200UTC on 10th December 1994 (Figure 4) . On 11th December 1994 the River Ayr at Mainholm in Scotland experienced flood conditions (310.6 m 3 s À1 ; maximum daily discharge value over the period 1980-2010) and the persistent AR that led to the heavy rainfall and flood is captured well in all five reanalyses. The 20CR mean sea level pressure (MSLP) in Figure 4b shows a low pressure to the west of the British Isles that had an associated moisture transport in Figure 4a (with IVT values of about 1100 kg m À1 s À1 ) in the form of an AR. The difference between ARs and WCBs noted in the Introduction in terms of their widths and moisture transport can be seen in Figure 4 . The WCB can be thought of as the broad region of IVT that spans from northern France to the north of Scotland (e.g., blue region in Figure 4d ), whereas the AR covers the much narrower domain over southern Scotland and northern England (e.g., orange region in Figure 4d ). Although these IVT fields do not show the low-level nature of the AR or the high-altitude flow in the WCB, the enhanced moisture transport in the AR region is shown with the IVT being approximately five times larger than at the edge of the WCB. Furthermore to highlight the persistent AR behind the 11th December 1994 flood, Figure 5 shows the AR detected by the algorithm in the CFSR from 0600 10th December 1994 to 0000 11th December 1994. The continuous presence of the AR over Britain, and specifically over the Ayr basin clearly led to the heavy rainfall (101.7 mm rainfall total recorded at a local rain gauge (Garbell Burn) during the two days of the event) and subsequent flooding. 
ARs and British Winter Floods
[20] The seasonal distribution of floods is evaluated in the nine basins by using the AMS and WMS (Figure 6 ). In the overwhelming majority of the years and basins the winter maxima are also annual maxima suggesting that the largest flood peaks in these basins in western Britain occur during the October to March period. The hydrologic impacts of persistent ARs are assessed by identifying the percentage of the POT-1 flood peaks in each basin that are associated with Figure 7 . Percentage of the 31 POT-1 floods in each basin that are related to the persistent ARs identified in the five reanalyses. The logarithm of the rate of occurrence parameter is a linear function of SCP (see equation (4)). The first value is the point estimate, while the one in parentheses is the standard error; "D. of F. for the fit" indicates the degrees of freedom used for the fit.
persistent ARs (Figure 7 ). An AR was judged as related to a flood if (1) the start of a persistent AR occurred during the three days preceding (or on the day of) the flood and (2) the average location of the AR, given by the maximum IVT at 4 W (over the AR's lifetime), was no more than 4.5 latitude away from the river basin gauging station. Figure 7 shows that ARs explain between 40 and 80% of the winter POT-1 floods occurring in nine basins in upland Britain. This result is consistent with that of Lavers et al. [2011] .
[21] The Dyfi at Dyfi Bridge basin has the strongest AR-flood connection, with more than 70% of POT-1 floods related to a persistent AR in the five reanalyses (Figure 7f ). The River Dyfi has a southwest-northeast orientation (alignment similar to the overall direction of propagation of the ARs) that favors a particularly quick rainfall-runoff response and thus strong AR-flood links. ARs are also important flood mechanisms for the other basins, with six of the nine basins (Figures 7a-7f ) generally having more than 50% of the POT-1 floods occurring after a persistent AR. The lowest percentages occur in the Teifi at Glan Teifi and Tamar at Gunnislake. The Teifi and Tamar basins have water reservoirs situated in their catchment areas and therefore this water regulation could attenuate the rainfall-runoff response. It is also important, however, to highlight that there are differences across the five reanalysis products (see also Figure 3 ), which could be related to their different data assimilating models, analysis methods, the observations incorporated [Rienecker et al., 2011] and grid resolutions.
[22] In the nine basins, the rainfall totals are high due to orographic enhancement of rainfall (as highlighted by the standard average annual rainfall from 1961 to 1990, SAAR in Table 1 ) and a combination of the steep slopes (altitude range in Table 1 gives an indication of the basin slope), basin orientation and impermeable geologies (as shown by the low percentages of BHP in Table 1 ) cause the precipitation delivered by the ARs (and the parent extra-tropical cyclone) to be transported rapidly to the stream network causing the AR-flood connection. These results extend the previous findings on the western U.S. coast in Ralph et al. [2006] and Neiman et al. [2011] to another midlatitude location. Furthermore, as the largest flood peaks in the study basins occur during the winter, ARs therefore exert a large control on the upper tail of the flood peak distribution.
[23] To further illustrate the link between ARs and floods the number of identified persistent ARs in the five reanalyses that were related to POT-1 floods across all nine basins was calculated. The percentage of ARs related to floods for the reanalyses was 37.9% for 20CR, 44.7% for CFSR, 40.4% for ERAIN, 44.1% for MERRA and 42.0% for NCEP-NCAR. This means that on average approximately 40% of the persistent ARs captured in the reanalyses were connected with floods. These percentages could be an underestimate of Figure 8 . Modeling of the number of ARs using a Poisson regression model in which the logarithm of the rate of occurrence parameter is a linear function of the SCP. The white line represents the median (50th percentile), the dark gray region the area between the 25th and 75th percentiles, and the light gray region the area between the 5th and 95th percentiles. The black circles are the number of ARs identified in each reanalysis product. the flood-generating potential of ARs because of the geographical domain used (up to 60 N where no river basins are present). Note that some of the ARs cause POT-1 floods in multiple river basins.
ARs and the Large-Scale Climatic Circulation
[24] The large-scale climate circulation patterns that could be related to the occurrence of ARs were examined. Poisson regression was used to investigate the relation between the number of winter ARs and the five aforementioned climate predictors. Based on the results of the model selection, regardless of the reanalysis product the logarithm of the rate of occurrence parameter, l for the ith year was found to be a linear function of SCP:
[25] In agreement with the results in Mailier et al. [2006] and Vitolo et al. [2009] between the number of extra-tropical cyclones and the SCP, there was a negative relation between the SCP and ARs, with a larger number of ARs associated with a more negative phase of the SCP (Table 2 and Figure 3) . A positive SCP phase was shown to be associated with fewer cyclones in northern Europe, with a blocking anticyclone above northern Europe and a weak storm track located further north than usual [Mailier et al., 2006] . The SCP coefficients were all statistically different from 0 at the 5% level and their values ranged from À0.449 (ERAIN) to À0.584 (NCEP-NCAR). These models were able to capture well the interannual variability exhibited by the different products (Figure 8) , with large similarities (in terms of yearto-year changes and width of the percentiles of the Poisson distribution) among the different reanalysis products. The goodness of fit of these models was assessed by visual examination of the residual plots ( Figure 9 ) and their statistics (Table 2 ). These diagnostics support the validity of our modeling effort, without suggesting any large problems.
Conclusions
[26] An AR detection algorithm, based on IVT, was developed with a threshold IVT criterion and a condition on temporal persistence and spatial location, for use in this case study of ARs and flooding in Britain. The AR detection algorithm was applied to five reanalysis products (20CR, CFSR, ERAIN, MERRA, and NCEP-NCAR) to search for ARs affecting Britain (at 4 W between 50 N and 60 N) during the winter half-years over the period 1980-2010. The results indicated that there were differences in the number of ARs detected dependent on the reanalysis product used. This is most likely due to different assimilation techniques, data, and grid resolutions.
[27] Further evidence was found that winter flooding in Britain is related to persistent AR events. This was a consistent result across the nine study basins and five reanalysis products. The percentage of winter POT-1 floods in each of the nine basins associated with ARs ranged from approximately 40 to 80%. This indicates a strong link between ARs and winter floods in Britain.
[28] Using a Poisson regression model, the frequency of persistent winter ARs was found to depend on the Scandinavian Pattern (SCP) with a significant negative Figure 9 . Worm plots for the five models in Figure 8 . For a good fit, the points should be on the black line and between the two gray lines. dependence between the two (larger frequency of ARs associated with lower SCP values). This was consistent across the different reanalysis products.
[29] It is proposed that three aspects require further study as a priority. The first is the impact of storm clustering. Although AR clustering is not a pre-requisite for flood occurrence (e.g., the single persistent AR responsible for the November 2009 Northwest England flood), it is possible that a flood event could follow after the quick succession of two or more persistent ARs. The second aspect is the sensitivity of the detection algorithm to the criteria used, for example the IVT threshold and AR latitudinal movement, persistence and separation in time. The final aspect is the reasons why ARs do not explain all the POT-1 floods. It is suspected that this is due to local geographical characteristics such as geological setting, land use and management, basin orientation relative to the storm tracks and temporary storage in snowpacks, reservoirs or lakes, but further research is needed to fully understand these influences.
